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Samples of forest fire smoke obtained by methylene chloride extraction of 
smoke condensate containing mixtures of phenols, were resolved by gas chromato¬ 
graphy using a 25 m x 0.5 mm (I.D.) Chromapack Cp-Sil column. 
The conversion of these compounds to their trimethylsilylethers using silane 
reagents reduced their adsorption on the column and allowed for their quantitative 
determination by using the cut and weigh peak area determination method. 
The compounds identified and quantified were furfuryl alcohol; 5-methyl- 
furfural; a-naphthol; anthracene; 1,8,9-trihydroxyanthracene; hydroquinone; 
resorcinol; catechol; phloroglucinol; eugenol; guaiacol; phenol; 3,5-dimethoxy- 
phenol; 1,4-dihydroxynaphthalene; isoeugenol; 2-hydroxy-4-methoxybenzaldehyde 
(vanillin) 2,6-dimethylphenol; 2,3-dimethoxyphenol; and 2-methylresorcinol. 
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INTRODUCTION 
In recent years, several investigators have reported that phenolic compounds 
are active co-carcinogenic substances in biological systems.^ The presence and 
analysis of phenolic compounds present in smoke has generated great interest in 
environmental areas of concern to public health. The Environmental Protection 
Agency (EPA) is deeply concerned about the burning of forest fuels since 
carcinogenic and co-carcinogenic substances are known to be introduced into the 
2 
atmosphere, which are harmful to biological systems. 
Phenols and phenolic type compounds are toxic and are very powerful skin 
irritants. They are known to cause damage to living tissue by their destructive 
action on proteins.^ These compounds are classified among the second and third 
classes of pollutants that affect living organisms and are identified by the presence 
of one or more hydroxyl groups attached directly to the aromatic ring. 
Most naturally occuring phenols are known to be introduced into the 
environment primarily by the pyrolysis of lignin which is a major component of 
3 
wood. Lignin is a polymeric material, very high in phenolic content and one of the 
2 
most abundant natural products present in the woody tissue of plants. On 
pyrolysis of lignin, substantial amounts of phenolic compounds are produced and 
their low volatility is responsible for their presence in the particulate matter of 
smoke. 
Several naturally occuring phenols in plants are known to man and some of 
these are: vanillin, guaiacoi, catechol, phenol, cresol, and xylenol. 
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Although a variety of materials known to be present in forest fire smoke can 
act as irritants or toxins, phenol and a number of substituted phenols are 
particularly of interest because they have strong tumor promoting properties.^ The 
presence of phenolic compounds in the environment is of great importance as far as 
public health is concerned. There have been numerous studies concerning the 
phenolic presence in tobacco smoke, smoked food, and exhaust from automobiles, 
but studies' involving forest fire fuels are limited. It is of interest, therefore, to 
study and identify specific phenols present in forest fire smoke condensate using 
gas chromatography and also to carry out a quantitative determination. 
EXPERIMENTAL 
Materials 
The forest fire smoke condensate was obtained from Dr. Skevous Tsoukalas of 
the United States Department of Forestry in Macon, Georgia. The study of the 
particulates involved two types of fires, nine backing and nine heading. Backing 
fires are fires which move slowly against the wind with complete fuel combustion. 
Heading fires are fires which burn with the wind and do not allow complete fuel 
combustion. Because of the low volatility and polar nature of phenols, the samples 
required derivatization in order to accomplish gas chromatographic separation. A 
mixture of hexainethyldisilazane (HMDS), trirnethylchlorosilane (TMCS), and 
chloroform was used for silylation. Helium was used as a purified carrier gas. 
Acetone was used as a solvent. 
Instrumentation 
Gas Chromatograph. The gas chromatograph is a useful instrument for the 
physical separation of volatile compounds of a chemical mixture. This separation 
takes place within the chromatographic column and its success depends largely on 
the efficiency of a given column. The use of retention data aids in the 
identification and quantitation of individual components. 
Gas chromatography is very useful because analysis can be accomplished with 
great speed, resolution is greatly improved, extensive sensitivity is available and 
gas chromatographs are simple to operate and understand.'* 
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Procedure 
Sample Preparation for Gas Chromatography. Gas chromatographic separa¬ 
tion of free phenols is complicated by their polar nature and low volatility. 
Therefore, derivatization is necessary for chromatographic analysis. Silylating 
reagents react with phenols to form trimethylsilyl ethers. 
Intermolecular hydrogen bonding is thus inhibited by blocking the hydroxyl 
groups of the phenolic compounds. The procedure used for silylation involved using 
a mixture of hexainethyldisilazane (HMDS), trimethylchlorosilane (TMCS), and 
chloroform. These compounds were mixed in a volume ratio of 3:1:9 respectively in 
an Erlenmeyer flask. The flask was then corked and kept at room temperature for 
at least 10 min to allow complete reaction. This sample mixture was then 
refrigerated throughout the experimental analysis. 
Capillary Gas Chromatographic Analysis. Gas chromatographic separation 
was accomplished using a Varian 3700 Gas Chromatograph equipped with a flame 
ionization detector. Purified helium was used as the carrier gas at a flow rate of 
30 ml/min, measured at the detector exit port. The column used for phenolic 
fractions No. 1, 2, and 3 was a 25 meter x 0.5 mm (I.D.) Chromopack Cp-Sil 
column. The chromatographic conditions were: injection temperature, 200°; 
detector temperature, 350°; helium flow through the column, 1.2 ml/min; 
attenuation, 16 x 10" ; split ratio, 250:1; and hydrogen and air flow rates, 30 
ml/min and 300 ml/min., respectively. The temperature program was from 40° to 
300° at a rate of 5°/min. 
Quantitation. Quantitative analysis by gas chromatography is based on the 
measurement of peak area and relating these areas to composition through the use 
of detector response factors. This is accomplished using a Varian 3700 Gas 
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Capillary Chromatograph. The cut and weigh method was used for all phenolic 
fractions studied. This method involves the cutting out of chromatographic paper 
peaks and weighing them accurately on a Mettler H54-AR Analytical Balance. This 
method can be used with good precision. 
A mixture of phenolic standards was prepared. The amount of each 
component weighed out was approximately 0.100 grams. The retention time for 
each standard component was determined individually. 
The above information was then used to calculate the detector response 
factors for each component in the standard mixture. The response factors were 
then used to calculate the weight percent of the sample components relative to a 
reference component. 
RESULTS AND DISCUSSION 
Gas Chromatographic Analysis 
Silylation prior to gas chromatographic analysis was necessary because the 
polar hydroxyl group in phenols are attracted by the column packing and 
considerable tailing results. The chromatographic peaks tend to be asymmetric and 
long times and high temperatures are required for the elution of high boiling 
phenols/ 
Peak symmetry was improved by the formation of derivatives of higher 
volatility and low polarity. The use of pyridine as a solvent for derivatization 
caused considerable tailing, while chloroform proved to be a better solvent/ Table 
8 1 shows a list of standards and the retention times used in the analysis. 
Utilization of the gas chromatographic method has led to the identification of 
the phenolic compounds listed in Tables 2 and 3 for phenolics fractions Nos. 1 and 
2, respectively. The compounds suspected to be present in phenolic No. 3 are listed 
in Table 4. 
Quantitative Analysis 
The normalization method was used for the quantitative analysis. This 
method involves the calculation of percent composition by measuring the area of 
each peak and dividing the individual areas by the total area, but because different 
compounds have different detector responses, it was necessary to determine 
correction factors for each component. 
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1. Furfuryl alcohol 2.7 5.6 
2. 5-Methylfurfural 5.8 
3. m-Methylanisole 6.6 
4. Phenol 5.2 8.0 
5. p-Methylanisole 5.8 9.9 
6. 2,4-Dimethy [phenol 9.4 11.8 
7. Guaiacol 8.1 12.6 
8. Catechol 14.4 
9. 2,3-Dimethoxyphenol 11.8 15.2 
10. 2,6-Dimethy lphenol 14.3 16.0 
11. Resorcinol 13.8 14.9, 16.1 
12. 2-Methy lresorcinol 14.5 16.2, 18.1 
13. Hydroquinone 14.9 16.6 
14. Eugenol 14.8 18.0 
15. 3,5-Dimethoxyphenol 17.4 18.6 
16. a-Naphthol 18.2 19.2 
17. Pyrogallol 19.2 20.2 
18. Isoeugenol 16.0 20.0 
19. 2-Hydroxy-4-methoxybenzaldehyde 
( vanillin) 13.5 21.6 
20. Phloroglucinol 21.7 22.6 
21. Anthracene 24.4 
22. 1,4-Dihydroxynaphthalene 15.3 26.4 
23. 1,8,9-Trihydroxy anthracene 36.6 
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Time (min) Suspected Compounds 
1 5.6 Furfuryl alcohol TMS 
2 5.8 5-Methylfurfural 
3 6.6 m-Methylanisole 
4 8.0 Phenol TMS 
6 11.8 2,4-Dimethylphenol TMS 
7 12.6 Guaiacol TMS 
8 14.2 Catechol TMS 
11 16.1 Resorcinol TMS 
13 16.6 Hydroquinone TMS 
14 17.4 3,5-Dimethoxyphenol underivatlzed 
15 17.9 Eugenoi TMS 
16 18.4 3,5-Dimethoxyphenol TMS 
17 19.2 a-Naphthol TMS 
18 20.2 Pyrogallol TMS 
19 20.2 Isoeugenol TMS 
20 21.6 2-Hydroxy-4-methoxybenzaldehyde 
TMS (vanillin) 
21 22.6 Phioroglucinol TMS 
22 24.4 Anthracene 
23 26.4 1,4-Dihydroxynaphthalene TMS 
24 36.6 1,8,9-Trihydroxyanthracene TMS 
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3.5- Dimethoxypehnol (under.) 
Eugenol TMS 






1.4- Dihydroxynaphthalene TMS 
1, 8,9-Trihydroxyanthracene TMS 
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Table 4. Peaks Identified by Retention Times of Phenolic No. 3. 
Peak Retention 
No. Time (min) Suspected Compounds 
2 5.8 5-Methylfurfural 
3 6.6 m-Methylanisole 
4 8.0 Phenol TMS 
6 11.8 2,4-Dimethylphenol 
7 12.6 Guaiacol TMS 
9 15.1 2,3-Dimethoxyphenol TMS 
13 17.9 Eugenol TMS 
16 18.4 3,5-Dimethoxyphenol TMS 
17 19.2 a-Naphthol TMS 
18 20.2 Pyrogallol TMS 
19 20.2 Isoeugenol TMS 
22 24.4 Anthracene 
24 36.6 1,8,9-Trihydroxyanthracene TMS 
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A standard solution of all suspected compounds was prepared and chromato¬ 
graphed. The weight of each component was known and the ratios area/conc calcu¬ 
lated. The correction factors were calculated relative to a reference component 
(anthracene) using the following equation: 
Area. ConcTC 
KF =  -1- x  l Cone. AreaIC 
i IS 
where KF. is the correction factor for the component i, Area, is the area of pure 
component i present in the calibration run, Area^ is the area of the selected 
reference component, Cone, is the amount of pure component i present, and ConCj<. 
is the amount of the component selected as the correction factor reference peak. 
Therefore to calculate percent composition for each component present the 
following equation was used: 
KF. x Area. x (XF) 
%Conc. =         
J n 
E(KF. x Area.) 
t 1 
where %Conc. represents the percentage of component i present in the sample, XF 
is the total percentage of the analysis sample represented by the components in the 
n 
chromatogram, and ?_ ^ (KF. x Area.) is the summation of all detector response 
corrected areas in the chromatogram. A (XF) value of 100 was used since all 
unknown peaks in the sample chromatogram were accounted for and assigned an 
overall KF value of 1. Fig. 1 is the chromatogram for the quantitative study of 
phenolic fraction No. 1 (flaming backing); Table 5 gives the concentration of the 
components in this fraction. Fig. 2 is the chromatogram for the quantitative study 
of phenolic fraction 2 (smoldering heading) and Table 6 gives the concentrations of 
Fig. 1 . Capillary Gas Chromatogram of Phenolic No. 1 (flaming heading). 










1 Furfuryl alcohol 0.22 5.6 *1.00 100 0.223 
2 5-i'vlethylfurfural 0.95 5.8 1.38 310 0.231 
3 m -M et hy lanisole 7.00 6.6 1.72 1837 0.264 
4 Phenol 0.33 8.0 0.27 565 0.322 
6 2,4-Dimethylphenol 0.19 11.8 *1.00 87 0.479 
7 Guaiacol 2.00 12.6 2.58 357 0.512 
8 Catechol 10.13 14.2 0.94 4886 0.578 
11 Hydroquinone 0.36 16.6 1.40 117 0.678 
13 3,5-Dimethoxyphenol 0.06 17.4 *1.00 66 0.711 
(underv.) 
14 Eugenol 0.53 17.9 0.40 239 0.731 
15 3,5-Dimethoxyphenol 
(derv.) 0.14 18.4 *1.00 63 0.752 
17 a -Naphthol 0.11 19.2 *1.00 50 0.785 
18 Pyrogallol 3.86 20.2 0.83 2100 0.826 
19 Isoeugenol 1.65 20.2 *1.00 743 0.826 
21 Phloroglucinol 0.36 22.6 0.79 207 0.926 
22 Anthracene 0.17 24.4 1.00 76 1.000 
24 1,8,9,-Trihydroxy- 
anthracene 2.68 36.6 0.74 1637 1.500 
*These are assigned KF values because complete derivatization could not be achieved for 
these compounds. 
Fig « 2 . Capillary Gas Chromatogram of Phenolic No. 2 (smoldering heading). 
Table 6. Quantitative Results for Components in Phenolic No. 2 (smoldering heading) 
Relation 
Peak Percent Retention Relative Retention 
No. Compound Concentration Time/min KF Weights Time 
1 Furfuryl alcohol 1.83 5.6 *1.00 662 0.223 
3 m-Methylanisole 0.68 6.6 1.72 143 0.264 
4 Phenol 0.99 8.0 0.27 1345 0.322 
5 p-Methylanisole 0.17 9.7 *1.00 67 0.392 
6 2,4-Dimethy lphenol 2.49 11.8 *1.00 900 0.470 
8 Catechol 6.30 14.2 0.94 2430 0.578 
9 2,3-Dimethylphenol 0.45 15.1 *1.00 163 0.616 
10 2,6-Dimethy lphenol 1.49 16.0 *1.00 537 0.653 
11 Resorcinol 2.35 16.1 0.93 914 0.657 
12 2-Wethylresorcinol 0.92 16.2 1.56 332 0.661 
14 3,5-Dimethoxyphenol 
(underv.) 
1.78 17.4 *1.00 643 0.711 
15 Eugenol 0.80 17.9 0.40 718 0.731 
16 3,5-Dimethoxyphenol 
(derv.) 3.80 18.4 *1.00 1371 0.752 
17 a-Naphthol 0.52 19.2 *1.00 189 0.785 
18 Pyrogaliol 4.00 20.2 0.83 1737 0.826 
19 Isoeugenoi 1.88 20.2 *1.00 680 0.826 
20 Vanillin 1.34 21.6 *1.00 485 0.884 
21 Phloroglucinol 3.12 22.6 0.79 1421 0.926 
22 Anthracene 3.08 24.4 1.00 1110 1.000 
23 1,4-Dihydroxy- 
naphthalene 1.27 26.4 *1.00 459 1.080 
24 1,8,9-Trihydroxy- 
anthracene 2.41 36.6 0.74 1175 1.500 
*These are assigned KF values because complete derivatization could not be achieved for 
these compounds. 
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the components in the fraction. Fig. 3 is the chromatogram for phenolic fraction 3 
(flaming heading) and Table 7 gives the concentrations of the components present 
in this fraction. 
RETENTION TIME (Min) 
Fig. 3. Capillary Gas Chromatogram of Phenolic No. 3 (flaming backing). 












2 5-Methylfurfural 0.23 5.8 1.37 200 0.231 
3 m-Methylanisole 7.65 6.6 1.72 1361 0.264 
6 2,4-Dimethy Iphenol 0.39 11.8 ♦1.00 119 0.479 
7 Guaiacol 4.46 12.6 2.53 530 0.521 
9 2,3-Dimethoxyphenol 
(underv.) 0.13 15.1 ♦1.00 41 0.616 
15 Eugenol 0.68 17.9 0.40 518 0.731 
16 3,5-Dimethoxyphenol 





* 1709 0.752 
17 a-Naphthol 1.62 19.2 *1.00 497 0.785 
18 Pyrogallol 5.54 20.2 0.83 2146 0.826 
19 Isoeugenol 1.04 20.2 *1.00 320 0.826 
22 Anthracene 0.83 24.4 1.00 253 1.000 
24 1,8,9-Trihydroxy- 
anthracene 
♦These are assigned KF values because complete derivatization could not be achieved for 
these compounds. 
CONCLUSION 
The phenols present in forest fire smoke particulate matter have been said to 
2 
be potent promoters in epithelial carcinogenesis, and in general, contribute to the 
toxicity and pollution of the environment. The importance of knowing the 
constitutents of forest fire smoke can not be overstated and the application of gas 
chromatography in this regard has been of immense help in their identification and 
quantitation. The following compounds were identified and quantified: furfuryl 
alcohol; 5-methylfurfural; m-methylanisole; p-methylanisole; 2,4-dimethlyphenol; 
pyrogallol; a-naphthol; anthracene; 1,8,9-trihydroxyanthracene; hydroquinone; 
resorcinol; catechol; phloroglucinol; eugenol; guaiacol; phenol; 3,5-dimethoxy- 
phenol; 1,4-dihydroxy naphthalene; isoeugenol; 2-hydroxy-4-methoxybenzaldehyde; 
2,6-dimethylphenol; 2,3-dimethoxyphenol; and 2-methylresorcinol. 
In this study, it is noted that the smoke from the flaming fires contained a 
much greater percentage of m-methylanisole compared to the smoldering fires. 
Pyrogallol and guaiacol were also present in higher concentration. The smoldering 
fires contained nearly the same compounds as the flaming fires, but the 
concentration varied greatly for some components. Catechol was present in 
greater concentration in the smoldering fire. 
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